We present the first results of a high-resolution Karl G. Jansky Very Large Array (VLA) imaging survey of luminous and ultra-luminous infrared galaxies (U/LIRGs) in the Great Observatories AllSky LIRG Survey (GOALS). From the full sample of 68 galaxies, we have selected 25 LIRGs that show resolved extended emission at sufficient sensitivity to image individual regions of star-formation activity beyond the nucleus. With wideband radio continuum observations, which sample the frequency range from 3 − 33 GHz, we have made extinction-free measurements of the luminosities and spectral indicies for a total of 48 individual star-forming regions identified as having de-projected galactocentric radii (r G ) that lie outside the 13.2µm core of the galaxy. The median 3 − 33 GHz spectral index and 33 GHz thermal fraction measured for these "extranuclear" regions is −0.51 ± 0.13 and 65 ± 11% respectively. These values are consistent with measurements made on matched spatial scales in normal star-forming galaxies, and suggests that these regions are more heavily-dominated by thermal free-free emission relative to the centers of local ULIRGs. Further, we find that the median star-formation rate derived for these regions is ∼ 1M yr −1 , and when we place them on the sub-galactic star-forming main sequence of galaxies (SFMS), we find they are offset from their host galaxies' globally-averaged specific star-formation rates (sSFRs). We conclude that while nuclear starburst activity drives LIRGs above the SFMS, extranuclear star-formation still proceeds in a more extreme fashion relative to what is seen in local spiral galaxies.
INTRODUCTION
Galaxies with high infrared (IR) luminosities, e.g., luminous infrared galaxies (LIRGs: 10 11 < L IR [8 − 1000µm] < 10 12 L ), are rare in the local Universe, yet they are a cosmologically important class of objects that dominate the infrared luminosity density at redshifts z = 1−2 (e.g. Murphy et al. 2011; Magnelli et al. 2013) . LIRGs, which are often triggered by the interactions and mergers of gas-rich disk galaxies, have high bolometric luminosities that primarily emanate from nuclear star-formation, as well as active galactic nuclei (AGN) (e.g., Sanders & Mirabel, 1996) . In addition to strong nuclear star formation, enhanced star-formation activity has been seen in the outer disks and tidal structures of many interacting galaxies (Schweizer 1978; Hibbard & van Gorkom 1996; Smith et al. 2010; Smith et al. 2016) .
To fully assess the nature of star formation and AGN activity in LIRGs as a function of merger stage, luminosity, and optical depth, we initiated the Great Observatories All-sky LIRG Survey (GOALS; Armus et al. 2009 ). The multi-wavelength dataset, which is most complete for LIRGs with L IR ≥ 10 11.4 L , contains observations using Chandra (Iwasawa 2011; Torres-Alba 2018) , GALEX (Howell et al. 2010) , HST (Kim et al. 2013; Linden et al. 2017) , Spitzer (Stierwalt et al. 2013 (Stierwalt et al. , 2014 , Herschel (e.g., Díaz-Santos et al. 2013 Chu et al. 2017) , VLA (e.g. Barcos-Munoz et al. 2015 and ALMA (e.g., Xu et al. 2014 Xu et al. , 2015 Privon et al. 2017) .
These studies have revealed one of the primary challenges in studying LIRGs is that their nuclear regions can be heavily dust-enshrouded, thus necessitating long wavelength observations to unveil their properties (e.g., Condon et al. 1991; Downes & Solomon 1998; Soifer et al. 2000) . Although weak with respect to a galaxies' bolometric luminosity, radio emission is largely opticallythin and unaffected by dust extinction. The emission is primarily powered by stars more massive than ∼ 8M which end their lives as core-collapse supernovae, and their remnants are thought to be the primary producers of cosmic ray (CR) electrons that give rise to the diffuse synchrotron emission observed from star-forming galax-ies (Condon et al. 1992) . These same massive stars are also responsible for the creation of H II regions that produce radio free-free emission, whose strength is directly proportional to the production rate of ionizing (Lyman continuum) photons.
Ground-observable radio frequencies (∼ 1 − 100 GHz) are particularly useful in probing both processes. The nonthermal component typically has a steep spectrum [S(ν) ∝ ν α N T , where α N T ∼ −0.85], while the thermal (free-free) component is relatively flat (α T ∼ −0.1; e.g., Condon et al. 1992) . Accordingly, for globally integrated measurements of star-forming galaxies, lower frequencies (e.g., 1.4 GHz) are generally dominated by nonthermal emission, while the observed fraction of thermal free-free emission increases with frequency, eventually dominating beyond ∼ 30 GHz. Thus, by observing galaxies across this frequency range we can separate these two emission components and produce maps of the current star formation activity.
However, a robust decomposition of the radio spectral energy distribution (SED) may be complex. For example: the thermal and nonthermal fractions may vary with galaxy mass (e.g., Hughes et al. 2007 , Bell 2003 , the nonthermal spectral index can vary within galaxies (Tabatabaei et al. 2013 (Tabatabaei et al. , 2017 , and anomalous microwave emission may add unexpected features to the radio SED in some regions (e.g., Murphy et al. 2011 Murphy et al. , 2018b . More relevant to the present study, observations of U/LIRGs over the last decade have revealed that they can have significant variation from system-to-system in their global radio properties (Leroy et al. 2011; Murphy et al. 2013; Barcos-Munoz et al. 2017) .
This was the basis for the GOALS "equatorial" survey, which is a multi-frequency VLA program to image a complete sample of 68 U/LIRGs within the declination range −20 o < δ < 20 o , from 3 − 33 GHz at resolutions of 10 − 1000 pc. One of the fundamental goals of this study is to quantify the level of variation we see in the radio SEDs on sub-galactic scales in these galaxies, and determine the validity of applying a two-component power-law model to characterize the star-formation activity of individual regions in LIRGs.
In this paper we examine the radio and near-IR properties of "extranuclear" star-forming regions identified in galaxies in the GOALS equatorial sample. This spatial cut is imposed to control for any contribution to the observed radio continuum emission from a strong central AGN. Thus, we require all regions for which we perform photometric analysis to reside outside the measured mid-infrared (MIR) core of the galaxy, where an AGN would have the largest influence (see Section 3.2 for details). Further, due to the sensitivity of our VLA observations, we are only able to observe the most luminous star-forming regions in the disks of these galaxies. An analysis of the radio continuum properties of nuclear and circumnuclear star-forming regions in LIRGs will be presented in a series of future papers.
The paper is organized as follows: In Section 2 we describe the observations, data reduction, imaging, and sub-sample selection. In Section 3, we describe our ancillary Spitzer data products, and outline our method for identifying individual extranuclear star-forming regions and extracting multi-wavelength photometry. In Section 4, we discuss the radio continuum properties of the sample. In Section 5, we discuss these results in the context of both the far-infrared -radio correlation, as well as the star-formation rate main sequence. In Section 6 we summarize the results.
Throughout this paper, we adopt WMAP Three-Year Cosmology of H 0 = 73 km s −1 Mpc −1 , Ω matter = 0.27, and Ω Λ = 0.73 (Spergel et al. 2007 ).
SAMPLE AND DATA ANALYSIS
2.1. VLA Observations and Data Reduction The VLA observations were carried out for the full sample during three separate C-configuration cycles in February 2014 (14A-471), February 2016, and March 2016 (16A-204) . The maximum baseline of this array configuration is 3.4 km. Three VLA receiver bands were utilized in these observations: the S-band (2-4 GHz), , and . The 8-bit samplers were used for the S-band observations, delivering 2 GHz of total bandwidth, centered at 3 GHz, by using two 1 GHz baseband pairs, both with rightand left hand circular polarizations. The 3-bit samplers were used in the Ku-band observations, delivering 6 GHz of total bandwidth, centered at 15 GHz, by using three 2 GHz baseband pairs. The 3-bit samplers were also used in the Ka-band observations, delivering 8 GHz of total bandwidth, centered at 33 GHz, by using four 2 GHz baseband pairs. Hereafter, we may refer to the data and/or the images from the S-, Ku-, and Ka-bands as the 3, 15, and 33 GHz data and/or images, respectively.
To reduce and calibrate the VLA data we followed standard calibration and editing procedures, and utilized the VLA calibration pipeline built on the Common Astronomy Software Applications (CASA; McMullin et al. 2007 ) versions 4.6.0 and 4.7.0. After each pipeline run, we manually inspected the visibilities and calibration tables for evidence of bad antennas, frequency ranges, or time ranges, flagging correspondingly. We also flagged any instances of RFI, for which we removed several significantly affected frequency ranges in the S-and Ku-bands, and very little of the 33 GHz data. After flagging, we reran the pipeline, and repeated this process until we could not detect any further signs of poorly-calibrated data. A detailed description of our data reduction procedures can be found in Murphy et al. (2018a) .
Galaxy Selection
The goal of this study is to resolve individual extranuclear regions within LIRGs for which we can perform multi-band photometry, and extract detailed information about their star-formation properties.
We therefore selected from the full sample of 68 equatorial LIRGs the 25 which showed resolved extended structure with the VLA across all three frequency bands (Table 1). By targeting galaxies with high L IR , the GOALS sample includes the most extreme starbursts and AGN in the local Universe. Importantly, these galaxies are different from the normal star-forming galaxies studied previously on resolved scales in the local Universe (AlonsoHerrero & Knapen 2001; Bradley et al. 2006; Liu et al. 2013; Smith et al. 2016) . However, in order to properly place our results in the greater context of galaxy evolution, we must also be able to disentangle any contribution of a strong central AGN to the measured luminosities of individual regions. Kim et al. (2013) , Paturel et al. (2003) , and Jarrett et al. (2000) Fig. 1.-The distribution of infrared luminosity and bolometric AGN fraction all galaxies in GOALS within +20 and −20 degrees declination. The AGN fractions are taken from a recent compilation in Diaz-Santos et al. (2017) , and the galaxies are color-coded by the observed merger stages taken from Haan et al. (2013) and Stierwalt et al. (2013) . The histograms on each side show the full distribution of equatorial GOALS sources, with the black shaded histogram indicating the sub-sample selected for this study. What is clear is nearly all of the galaxies identified in our sub-sample are classified starburst-dominated systems.
From our sub-sample of 25 galaxies we see that the majority (22/25) of the extended galaxies in our VLA survey are indeed starburst-dominated, with AGN bolometric fractions under 15% (Diaz-Santos et al. 2017). Figure 1 shows that our sub-sample of sources span both the complete range of interaction stages (i.e widely separated disk galaxies to fully merged systems: Haan et al. 2013; Stierwalt et al. 2013) , and a luminosity range of L IR = 10 11.00−11.65 L . The final analysis of extranuclear star-forming regions within this sub-sample allows for direct comparison of the luminosity, SFR, radio spectral indices, and overall morphologies of the active star-forming regions in LIRGs and normal spiral galaxies without issues associated with contamination from an AGN or obscuration due to dust.
Interferometric Imaging
Calibrated VLA measurement sets for each source were imaged using the task tclean in CASA version 4.7.0. The mode of tclean was set to multi-frequency synthesis (mfs; Conway et al. 1990; Sault & Wieringa 1994) . For nearly all sources, we chose to use Briggs weighting with robust=0.5, and set the variable nterms=2, which allows the cleaning procedure to additionally model the spectral index variations on the sky. To help deconvolve extended low-intensity emission, we took advantage of the multiscale clean option (Cornwell 2008; Rau & Cornwell 2011) in CASA, searching for structures with scales ∼ 1 and 3 times the full width at half-maximum (FWHM) of the synthesized beam. For our S-and Ku-band data we also implemented the widefield uv-plane gridding and the wprojection algorithm with 16 planes to better model the curvature of the low-frequency sky. For those sources where Briggs weighting of robust=0.5 failed to capture any significant emission or structure, we increased this factor in steps of 0.5 towards natural weighting (i.e. robust=2.0) until the source was detected, and the sidelobes were sufficiently suppressed. A summary of the imaging parameters is given in Table 2 .
A primary beam correction was further applied using the CASA task impbcor before analyzing the images. The primary-beam-corrected continuum images at each frequency for two of the targets used in this study are shown in Figure 2 . Finally, in order to measure flux densities and spectral indices within consistent apertures across all three VLA bands, we convolve the images to a common circularized beam that is closest in size to the image with the lowest resolution for each galaxy. This allows us to make the cleanest comparison of structure across multiple bands, and minimize the effect of using circular apertures to extract photometry. The FWHM of the smoothed beam size for each galaxy is given in Table 3 , along with the corresponding point-source rms sensitivity of each image.
ANCILLARY DATA AND REGION PHOTOMETRY
3.1. Spitzer IRAC Imaging With the addition of near-IR Spitzer imaging at 3.6, 4.5, 5.8, and 8µm, we can make direct comparisons of the measured 33 GHz SFR, powered by young massive stars, to the total stellar mass (M * ) inferred from the evolved low-mass stellar populations within the same regions. Additionally, we can estimate the total infrared luminosity (L IR [8-1000µm] ) per region, and compare these results to the observed low-frequency (∼ 3GHz) radio emission, which has been shown to serve as a reliable proxy of IR emission in local star-forming galaxies via the well-studied IR-radio correlation (Helou 1985; Condon et al. 1992) .
Spitzer IRAC channels (Ch) 1 − 4 data were taken as part of GOALS, and details on the associated observation strategies and data reduction steps are available in Mazzarella et al. (2019 in prep) . IRAC channels 3 − 4 (5.8 and 8.0 µm) are primarily sensitive to emission due to polycyclic aromatic hydrocarbons (PAHs; e.g., Leger &, Puget 1984) , whereas Spitzer/IRAC NIR channels 1 and 2 (3.6 and 4.5µm) data are treated as free of hot dust emission, except when a powerful AGN is present, and thus primarily sensitive to old stellar emission (e.g., Helou et al. 2004) . Lu et al. (2003) used global measurements of nearby star-forming galaxies with ISO, which spanned 3 orders of magnitude in IR-luminosity, to confirm that hot dust does not contribute significantly to the emission below 3 µm. Hunt et al. (2002) further showed that the contribution in Spitzer Ch 1 − 2 is on average 3 − 4%, making these bands highly sensitive probes of stellar emission. We therefore utilize the calibration presented in Querejeta et al. (2015) to convert our 3.6 and 4.5µm flux densities to total stellar mass (M * ).
To account for the significant fraction of scattered light in the images due to the structure of the Spitzer point-spread function (PSF), we use the convolution kernels presented in Aniano et al. (2011) to deconvolve the Spitzer PSF from each image, and produce corrected images for each band.
Extranuclear Region Identification
Extranuclear candidate regions were identified as being discrete knots with a S/N of at least 3 in all three radio bands before a background subtraction of the surrounding diffuse radio emission within the galaxy. The median S/N of the regions selected for photometry is ∼10, 37, and 15 for 33 GHz, 15 GHz, and 3 GHz respectively. A full list of regions and their photometric properties is given in the Appendix. To determine the physical separation for each of the identified candidate regions we compiled the axis-ratio (b/a) and position angle (PA) of all of the host galaxies (see Table 1 ). We adopted a hierarchy whereby values are taken from our HST-GALFIT structural analysis (Kim et al. 2013) were used first, then values were taken from the latest release of the HYPERLEDA database (Paturel et al. 2003) , and finally if necessary we take values from the 2MASS Extended Source Catalog (Jarrett et al. 2000) . We then used the equation in Dale et al. (1997) to calculate inclination angle (i) of each galaxy such that,
where a and b are the observed semi-major and semiminor axes. The intrinsic axial ratio ((b/a) int ) is 0.2 for morphological types earlier than Sbc, and 0.13 otherwise. These measurements allow us to convert the apparent angular separation of a region to its host galaxy nucleus into a de-projected galactocentric radius (r G ) in units of kpc. We then compared all the measured r G values of the candidate extranuclear regions to the 13.2µm core sizes (FWHM), as measured from Díaz-Santos et al. (2010) using Spitzer/IRS 2D spectra, which serve as our best probe of the total size of the nuclear regions in these systems. Three galaxies in our sub-sample (IC 1623, NGC 7592, NGC 7679) were not studied in that paper, and therefore we estimate the core-size using the IRAC 8µm imaging as a proxy. We note that 8µm emission is more extended than the MIR continuum in a significant fraction of LIRGs, making our estimates conservative upperlimits (Díaz-Santos et al. 2011) . Of the 50 candidates we manually identified 48 regions in 25 galaxies with r G values larger than the MIR core radius, and were thus retained in the final sample of extranuclear star-forming regions.
3.3. Aperture Photometry In order to measure beam-matched photometry between the VLA and Spitzer images, we smoothed all VLA, 3.6, and 4.5µm data to a common gaussian beam with a FWHM of 2.5" (the best resolution achievable across all 5 bands). This resulted in a physical resolution of ∼ 1 kpc for the median distance to the galaxies in the sample (86 Mpc). In Figure 3 , the beam-matched The colormap scaling for each image is given on the right. The solid red ellipse in the bottom corner is the beam size of each image, with angular resolutions of ∼ 0.7", 1.4", and 0.7" respectively. These galaxies were chosen as representative cases for the sample, as they live at the median distance of the sub-sample (∼86 Mpc). images for all three VLA bands as well as the IRAC Ch1 data are shown for the same sources as in Figure 2 .
We chose an aperture diameter of 4", which is larger than the FWHM of the worst resolution for any galaxy in the sample. To extract consistent photometry for the 8µm data, we applied an empirical aperture correction from Reach et al. (2005) to account for missing flux due to the irregular shape of the IRAC PSF. We verified these empirical corrections gave consistent results when compared with the photometry done on the de-convolved 3.6µm and 4.5µm data alone. For the VLA imaging, the RMS was calculated by scaling the measured uncertainties by the square root of the restoring-beam area to the aperture area to account for the size of the aperture used. Finally, we take the intrinsic VLA flux uncertainty of ∼ 3% added in quadrature with our empirically measured noise (Perley & Butler 2013) .
In order to account for the fact that many of these regions are not isolated, but rather, are embedded in larger star-forming disks, we perform a local background subtraction (using an annulus of 1" surrounding the photometric aperture) for each source in both the VLA and IRAC imaging. This allows us to separate the radio and IR emission directly associated with the young starforming regions we identify, and is the only way to consistently compare the two wavelength regimes together. The resulting background-subtracted measurements and uncertainties for each region are given in the Appendix Table A .2. All further derived quantities and results are based on our background-subtracted photometry.
RESULTS
With matched-resolution observations at ∼ 2.5", which cover three broad windows within the 3 -33 GHz frequency range, we can measure the spectral slope, the relative contributions of thermal and nonthermal emission, the star-formation rates, and ages of individual star-forming regions within our subsample of equatorial LIRGs.
Radio Spectral Indices
When interpreting the observed radio SEDs of galaxies we adopt a two-component power-law, with the thermal/nonthermal ratio as well as the nonthermal spectral index set as free parameters. For many normal and extreme star-forming galaxies in the local Universe this model adequately describes the dominant physical processes occurring (Condon et al. 1992; Murphy et al. 2012a) . However for U/LIRGs, these models have mainly been applied to globally-integrated measurements, and scarcely studied on sub-galactic scales (Scoville et al. 2017) .
To measure the 3 − 33 GHz spectral indices we performed a linear least-squares fit to the data with a single power-law representing the combination of thermal and nonthermal emission. Distributions of the full-(α 3−33GHz ) and inter-band (α 3−15GHz and α 15−33GHz ) spectral slopes are given in Figure 4 . The median spectral indices we measure from 3 − 15, 15 − 33, and 3 − 33 GHz are −0.58 ± 0.11, −0.27 ± 0.23, and −0.51 ± 0.13, respectively. This is consistent with the expectation for star-forming regions where the lower frequencies are predominately synchrotron-dominated, and that at higher frequencies the overall radio SED begins to flatten as the contribution of thermal emission increases (Condon 1992; Leroy et al. 2011; Murphy et al. 2013) . Indeed a two-sided Kolmogorov-Smirnoff (KS) test yields a probability of ≤ 10% that α 3−15GHz and α 15−33GHz are drawn from the same distribution.
By comparison, results from modeling the integrated radio SED's of U/LIRGs, which are dominated by their nuclear emission, show that the radio spectrum of many LIRGs remain steep even at high frequencies (Clemens et al. 2008 (Clemens et al. , 2010 Barcos-Munoz et al. 2017; Tisanic et al. 2018) . Therefore, we conclude that extranuclear starforming regions in LIRGs have distinctly different radio spectral shapes, and show significantly less system-tosystem variation relative to the integrated properties of local U/LIRGs. This interpretation can be complicated by the fact that low-frequency radio emission traces cosmic rays, which potentially diffuse out of the area covered by our photometric apertures used as they lose energy. Using farinfrared and 22 cm radio emission maps for a sample of 29 nearby spiral galaxies, Murphy et al. (2006) reported a correlation between the typical CR electron propagation length and the disk-averaged star formation rate, where CR electron propagation is found to decrease with increasing star formation activity (Equation 5). Murphy et al. (2012b) used analogous observations of the LMC and 30 Doradus to derive a CR electron propagation length of ∼ 100 − 140 pc (corresponding to a τ cool ∼ 1x10 5 yr). These values are consistent with the empirical trend describing spiral galaxies, extrapolated to environments with nearly an order of magnitude higher star-formation rate surface density (log(Σ SF R ) ∼ −1). Using this scaling relation, the measured star formation rate surface densities for the regions in our sample (−1.5 <log(Σ SF R ) < −0.5: See the following Section), suggest an average CR electron propagation length of ∼ 100 − 200 pc; this is still several times smaller than the physical scale of our aperture in the closest galaxy in the sample (NGC 0838). Thus we do not expect any missing synchrotron emission on the scales of our photometric apertures due to cosmic ray diffusion.
Thermal Fractions at 33 GHz
As a pilot study, used the Westerbork Synthesis Radio Telescope (WSRT) and Green Bank Telescope (GBT) to construct 1.4 − 33 GHz SEDs for 50 normal star-forming galaxy nuclei and extranuclear star-forming complexes at a matched resolution of ∼ 25". They found evidence that the median thermal fraction at 33 GHz (f th ) was ∼ 80 − 90% on physical scales of ≤ 0.5 kpc, with the fraction decreasing to ∼ 60% as the projected size of the photometric aperture increased to ∼ 1 kpc. This study served as the basis for the Star Formation in Radio Survey (SFRS: Murphy et al. 2018a) , which is a VLA campaign designed to extract the same multi-frequency band photometry as GOALS for 118 galaxy nuclei and extranuclear star-forming regions in a sample of 56 nearby lower-luminosity galaxies at a matched-resolution of ∼ 2". By comparing the 33 GHz radio emission to Hα and 24µm observations of 225 discrete star-forming regions, Murphy et al. (2018a) demonstrates that the striking morphological similarities between these tracers on 50 − 100 pc scales requires the emission from all three to be powered by the same source, The circularized red beam in the bottom left corner is matched across all 4 images, and is ∼ 1.7" and 2.4" for the top and bottom panels respectively. The black circles represent our photometric apertures centered on our confirmed extranuclear star-forming regions. These galaxies were chosen as representative cases for the sample, as they live at the ∼ median distance of the sub-sample (86 Mpc). namely massive star formation. The complete 3−33 GHz SFRS data and associated analysis will be presented in a forthcoming paper. The median fraction is 65±11% for the empirical calibration presented in Equation 2. This value is in good agreement with estimates of the thermal fraction made for star-forming regions in normal star-forming galaxies in the SFRS on the same physical scales (Murphy et al. 2012a (Murphy et al. , 2018a .
In contrast, nonthermal synchrotron has been observed to be the dominant contributor to the global 33 GHz emission (i.e. f th ≤ 50% for 10 11 < L IR < 10 12 ) of local U/LIRGs (Barcos-Muñoz et al. 2017). A possible ex-planation as to why LIRGs may have significantly lower thermal fractions relative to normal star-forming galaxies is that the absorption of a large fraction of ionizing stellar photons by dust grains, densely concentrated in starburst regions, suppresses the production of thermal radio emission relative to what is seen in the more diffuse star-forming regions in normal galaxies. Here we extend this investigation to isolated extranuclear regions in the disks of our LIRG sample.
To calculate the ratio of thermal/nonthermal emission at 33 GHz we use the spectral index, measured in Section 4.1, from 3 − 15 GHz (α 3−15GHz ) to set the lower-limit on the nonthermal spectral index (α N T ) such that α N T = −0.85 if α 3−15GHz ≥ −0.85, and α N T = α 3−15GHz − 0.1 if α 3−15GHz < −0.85. This latter equation accounts for the fact that the measured 3 -15 GHz radio spectral slope contains contributions from both non-thermal and thermal free-free emission components, and ultimately represents a lower-limit on the true thermal fraction at 33 GHz. Importantly, only 3/42 regions have α 3−15GHz < −0.85, and thus we adopt α N T = −0.85 for the majority of the regions in our sample. Further, the removal of these three regions does not affect the median of the measured thermal fraction distribution, and are thus not biasing our results in any way. Finally, we assume the same power-law exponent for the thermal emission (∼ −0.1), and use the fitted slope from 3−33 GHz to set the overall SED shape. Then, using the prescription in , we can calculate the thermal fraction at 33 GHz such that,
where ν 1 is the target frequency, α is the observed slope from ν 1 to ν 2 , and α N T is the nonthermal spectral index. These values are given in Appendix Table A.1.
In Figure 5 we show the resulting thermal fractions of the star-forming regions identified in our sample using the shape of the radio SED as determined in Equation 2. We find that the median thermal fraction is 65% at 33 GHz on ∼ kpc-scales in the extranuclear regions of LIRGs. This value is in good agreement with estimates of the thermal fractions for star-forming regions in normal star-forming galaxies on the same physical scales (Murphy et al. 2012a) . The results of Figures 4 and 5 strongly suggest that while extranuclear star-forming regions in LIRGs have a non-negligible contribution from non-thermal synchrotron emission, these regions are much more heavily-dominated by thermal free-free emission relative to the resolved nuclei of local ULIRGs, which in the case of Arp 220 can be as low as ∼ 20% on ∼ 50 pc scales, and high-redshift star-forming galaxies in the VLA-COSMOS survey (Barcos-Muñoz et al. 2015; Tisanic et al. 2018 ).
Star Formation Rates
We have shown in the previous two sections that one can use 33 GHz emission to reliably trace the current star formation activity of kpc-sized regions in the disks of both normal and extreme star-forming galaxies in the local Universe. Therefore, we assume that the thermal and nonthermal spectral indices do not vary significantly , is shown along with the spectral indices assumed for the thermal and nonthermal emission components at 33 GHz. The SFR distribution for our sample shows a clear peak at ∼ 1M yr −1 , and lies beyond the upper-end of the range observed for star-forming regions in normal star-forming galaxies in the local Universe (Smith et al. 2016) .
across the individual extranuclear regions in our sample, and that any differences in the observed SED are due to the relative contribution of each emission mechanism. This allows us to use Equation 10 presented in to convert the measured 33 GHz luminosity (L 33GHz ) into the current SFR within our apertures, where the assumed thermal and nonthermal power-law indices are −0.1 and −0.85 respectively, and the electron temperature of the gas is 10 4 K. In Figure 6 we show that the measured range of SFRs for our sample is ∼ 0.05 − 7.5M yr −1 , with a clear peak at ∼ 1M yr −1 . Smith et al. (2016) used GALEX near-UV (NUV) and far-UV (FUV) maps, along with Spitzer IRAC (Ch 1 − 4), MIPS (24 µm), and archival Hα images to estimate the extinction-corrected SFRs, in 1 kpc apertures, for nearly 700 star-forming regions in 46 interacting and non-interacting galaxy pairs. Importantly, they classify regions in their interacting galaxy sample into "innerdisk", "tidal", and "nuclear" regions, whereas, regions identified in the spiral galaxy sample were classified as either "disk" or "nuclei." They find that the distribution of star-formation rates for both "tidal" and normal galaxy "disk" regions range from 10 −4 < SFR < 10 −1 M yr −1 . In Figure 6 , we see that all but one of our regions, as measured in the same ∼ 1 kpc apertures, lie beyond the upper-end of this range.
In a new study, Larson et al. (2019) identified over 750 extranuclear star-forming regions in 50 U/LIRGs in GOALS using Paα and Paβ line emission. These regions range in size from ∼ 50−500 pc with SFRs as low as 0.001 M yr −1 up to 10 M yr −1 , consistent with the high SFRs observed for the regions in our sample. These results confirm that a significant population of star-forming regions exist at much lower SFRs in LIRGs, and that the peak observed in our distribution represents the sensitivity of our current radio observations to regions in the outerdisks of these galaxies. Therefore, while we cannot draw conclusions for the entire population of star-forming regions seen in LIRGs, it is clear that the most luminous extranuclear star-forming regions, as identified in the radio, are not seen in large samples of normal and interacting galaxies in the local Universe (Smith et al. 2016) . This is consistent with numerical simulations which show tidal disturbances can trigger enhancements of the gas turbulence and pressure in the ISM throughout the disks of luminous galaxy mergers, which leads to larger fractions of dense gas, and thus more massive star-forming regions (e.g. Elmegreen et al. 1993; Hopkins et al. 2008; Struck & Smith 2012; Kruijssen 2014) . In Section 5 we will examine how the measured SFRs in each region compare to the IR and M * properties inferred from our near-IR observations.
Model Age Fitting
In this Section we estimate the age of the starburst in each region by examining how thermal and nonthermal affect the measured 3 -33 GHz radio spectral slope of the starburst as it ages. Since thermal emission is only produced by the shortest-lived (≤ 10 Myr) massive stars, its presence in large amounts relative to synchrotron emission is indicative of very young star formation. This correlation can then be a method of determining approximate ages for the global star formation history of a galaxy.
To quantify these different timescales, we use Starburst 99 (SB99) models with default inputs (solar metallicity and 2-component Kroupa Initial Mass Function), in order to estimate the ionizing photon rate (Q H0 s −1 ) and supernova rate (N SN yr −1 ) of a simple stellar population (SSP; Leitherer et al. 1999) . To transform these quantities into a theoretical 3 -33 GHz spectral index as a function of time we use Equations 5 and 8 in respectively, to estimate the total, thermal, and nonthermal luminosity at 3 and 33 GHz (assuming the same values for the thermal and nonthermal spectral index as the previous sections). We stress that this model does not include losses due synchrotron, inverse Compton scattering, or free-free self-absorption. Instead the model is meant to illustrate the effect an aging stellar population has on the radio spectral slope of an isolated HII region. Further, given that the cooling timescale estimated for CR elections in Section 4.1 (∼ 10 5 yr) is equal to the time-step used in SB99, we expect synchrotron losses to have a negligible effect on the 3 -33 GHz radio spectral slope. Rabidoux et al. (2014) used this simple framework to describe the 1.4-33 GHz spectral slope, and thus the average age of the global star-formation activity, in a sample of 27 nearby normal star-forming galaxies. With our sample, we are able to extend this analysis to individual star-forming regions in the disks of luminous starburst galaxies.
To take into account the fact that a single instantaneous starburst may not be representative at the physical scales we are probing (∼1 kpc), we also include SB99 models with a continuous star formation history (SFH) of SF R = 1M yr −1 using the same metallicity and IMF input as in the instantaneous burst model. One can see that in the continuous SFR model, there are no large jumps in the 3-33 GHz spectral index. Instead, the model transitions smoothly from a very shallow (thermal dominated) spectral slope to an intermediate spectral slope. This model predicts that a spectral index of -0.5 would be expected for a kpc-sized region that has been actively forming stars for ∼ 10 Myr. This is consistent with the median spectral index of -0.51 measured for the starforming regions in our sample. Using both models, we then perform a χ 2 minimization to the observed spectral index for each extranuclear region in the sample. The right panel of Figure 7 shows the distribution of fitted-ages considering only the instantaneous burst model in blue, only the continuous model in green, and whichever model better-fits the observed spectral index of each region in black. Overall, the estimated median age of our star-forming regions is ∼ 10 Myr, which agrees with the age distributions derived for a large sample of young massive star clusters in a sample of local U/LIRGs in GOALS (Linden et al. 2017) . By comparing each model individually, we see that 45% of regions in our sample are best modeled by an instantaneous burst, which indicates that these regions are very young. However, the majority of the star-forming regions are best fit with a continuous SFR model with ages between 10 7 − 10 7.5 yr, and even some regions which are relatively old (t > 10 8 yr). Finally, when examining the ages of these regions as a function of merger stage we do not see evidence that the oldest regions are observed exclusively in the latest-stage mergers. This indicates that while the nuclear starburst activity dominates as the merger progresses, prodigious star formation still occurs in the outer-disks of these systems.
DISCUSSION
For the following analysis, we first create a sub-sample of the 48 star-forming regions, which have 3 − 33 GHz spectral indices which span a parameter space that can be reliably modeled with one of our two SB99 models (−1.2 < α 3−33GHz < 0.0). This is to ensure that any differences in the slopes observed are not due to regions that are faint in one of the three radio bands, which could affect both the measured spectral index, and the inferred low-frequency radio luminosity. Particularly, if the region is faint at 33 GHz the assumption that the region is fully sampling the IMF, a key detail which underpins all SFR calibrations, might break down. In total we retain 42/48 regions identified in the initial sample, and in fact the six regions we remove have the lowest S/N ratios across all three bands we identified in the initial candidate selection.
The Infrared -Radio Correlation
The far-infrared -radio correlation (Helou et al. 1985) is an empirical relationship which holds remarkably well for galaxies spanning a wide range in mass and luminosity (Yun et al. 2001) . At centimeter wavelengths, the radio continuum is dominated by synchrotron emission, which decays on timescales of ∼ 100 Myr for pseudocontinuous star formation in galaxies (Condon et al. 1992) . The infrared (IR) traces the peak of the dust emission, which is a proxy for recent star formation in a starburst galaxy. For a fixed initial mass function (IMF) and star formation history, the production of cosmic rays The two sub-panels show SB99 models of both an instantaneous burst and continuous SFH, using standard Kroupa IMF, and solar metallicities. We perform a χ 2 -minimization to the observed 3 − 33 GHz spectral index of each region. Right panel: The distribution of model ages for both types of SFH (blue and green) and the best-fitting model in each case (black). It is clear that there exists two populations of regions: Those younger than t ∼ 10 7 yr, which are best-modeled by an instantaneous burst, and those older than t ∼ 10 7 yr, which are best-modeled by a continuous SFH.
is roughly equal to the rate of dust-heating from UV photons produced by young stars, such that the IR-radio correlation holds in both normal and extreme star-forming galaxies in the local Universe (Lisenfeld et al. 1996) . The physical explanation for the tightness of this correlation has long been debated, given the fact that the methods which produce each emission mechanism have timescales which differ by an order of magnitude.
However, when individual star-forming regions on smaller spatial scales (∼ hundreds of parsecs) are examined in both normal and extreme star-forming galaxies, this correlation can break down, and is sensitive to these various timescales and local SFH, CR propagation, and metallicity of the galaxy (Murphy et al. 2006) . Further, it has been shown with lower-resolution data that ongoing mergers, whose progenitors still share a common envelope, may also exhibit excess radio emission from bridges and tidal tails that is unassociated with the current star-formation activity. This scenario may also explain the seemingly low far-infrared/radio ratios measured for many high-z submillimeter galaxies, a number of which are merger-driven starbursts (Murphy et al. 2013 ). Here we aim to test whether the infrared -radio correlation will hold on kpc-scales in the extended disks of LIRGs at various stages along the merger sequence, and determine to what level we see evidence for excess non-thermal emission relative to the inferred far-infrared luminosity within individual star-forming regions.
In order to make accurate measurements of infrared luminosity, we require observations at matched resolution to our VLA images, for which MIPS and Herschel data are not sufficient. We therefore used the IRAC Ch4 8µm flux as a proxy for the total-IR (L 1−1000µm ) by assuming a fixed IR8 ratio (L T IR /L 8µm ). Elbaz et al. (2011) used observations of IRAS selected galaxies, including the full GOALS sample, to determine that the global ratio of total IR luminosity to rest-frame 8µm luminosity follows a distribution centered on IR8 = 4, thus defining an IR main sequence for star-forming galaxies independent of redshift. This study was limited by the fact that the galaxies in their sample were not classified into AGN-and SF-dominated systems. Wu et al. (2010) and Magdis et al. (2013) used the 5MUSES sample of galaxies, which builds on the Elbaz et al. (2011) sample by including spectral diagnostics from Spitzer and Herschel respectively, to isolate galaxies which are dominated by star-formation. Both studies concluded that the IR8 ratio was larger (by up to a factor of 2), than what Elbaz et al. (2011) found for the complete galaxy sample. Following these studies, we used the global L 8µm and L IR photometry presented in Chu et al. (2017) and Mazzarella et al. (2019 in prep) to derive a median IR8 ratio of 8.1 ± 2 for the 25 galaxies in our equatorial sub-sample. This is in good agreement with the Wu et al. (2010) and Magdis et al. (2013) calibrations, and consistent with the notion that once AGN-dominated galaxies are removed from the global IR-bright galaxy population the ratio is significantly enhanced in pure starburst-dominated galaxies.
Using the measured 3 − 15 GHz radio spectral slope (α 3−15GHz ) we extrapolate the observed 3 GHz flux density of each region to 1.4 GHz and measure the q-ratio (q T IR ) defined as the logarithmic ratio of the total infrared to radio flux density for each region. While this measurement differs from the traditional q F IR analysis discussed above, it allows us to make direct comparisons with a recent calibration of the global TIR-radio correlation observed for a large sample of normal star-forming galaxies in the local Universe (Bell et al. 2003) . Overall, we find that the median q T IR derived for kpc-sized regions in our LIRG sample (2.7 ± 0.34) is consistent with the Bell et al. (2003) calibration (q T IR = 2.64). While the uncertainty in our IR8 calibration limits the robustness of this result, we do not see strong evidence for regions with a significant excess nonthermal emission associated with tidal bridges and tails. With future ALMA and pre-approved JWST/MIRI programs we will further investigate the physical origin of the infrared -radio correlation by directly measuring the total infrared luminosity, dust, and gas masses of individual star-forming clumps identified in GOALS galaxies.
The Star-Formation Main Sequence
The relationship between the star-formation rate (SFR) and the observed stellar mass (M * ) in galaxies has been extensively investigated over the past decade as means for understanding the evolution of galaxies (e.g., Noeske et al. 2007; Daddi et al. 2007; Elbaz et al. 2011) . From these studies it is clear that there are two main modes of star formation that are known to control the growth of galaxies: a relatively steady rate, which defines the star formation rate -stellar mass main sequence (SFMS), and a starburst mode above this sequence. Further, homogeneous collections of the integrated SFMS of galaxies across large ranges in redshift (e.g. Speagle et al. 2014; Kurczynski et al. 2016) show that while the slope remains relatively constant, the fitted zero-point of the relation appears to increase at higher (z > 1) redshifts (SF R ∝ M 0.5 * : Speagle et al. 2014) , indicating a more significant contribution from starburst galaxies at earlier times.
More recently, several studies (e.g., Wuyts et al. 2013; Cano-Diaz et al. 2016; Maragkoudakis et al. 2016; Medling et al. 2018 ) have provided evidence that MSlike correlations are also present at sub-galactic scales in a wide variety of galactic environments, by comparing the SFR surface densities (Σ SF R ) with stellar-mass surface densities (Σ M * ) for individual sub-galactic regions ∼ 1kpc or larger. Thus far observations at high-redshift suggest this correlation has a slope close to unity (Wuyts et al. 2013 ), whereas at lower redshifts linearity and sub-linearity have been reported (Cano-Diaz et al. 2016; Medling et al. 2018 ). Here we look to test which of these two modes of star-formation best describes the extranuclear star-forming regions identified in the equatorial GOALS sample, and whether or not a MS-like correlation exists for the most luminous regions in LIRGs.
In Figure 8 we compare the star-formation rates and stellar masses of our extranuclear regions with both integrated galaxy properties (left panel) and correlations found for the sub-galactic main sequence (right panel). In the left panel the orange points are globally-integrated measurements from our sub-sample of 25 galaxies taken from U et al. (2012) , and in purple are our extranuclear star-forming regions identified with the VLA. The integrated stellar mass measurements from U et al. (2012) used the observed H-band luminosity and a Chabrier IMF, whereas for our SFR calculations and the IRAC-M * conversion we utilize a Kroupa and Chabrier IMF respectively. However, the differences in the integrated total mass are small compared to our measured uncertainties, and therefore we do not expect to introduce any systematic biases when comparing the two datasets using slightly different IMFs. The light blue points are integrated measurements of galaxies in the SFRS as a reference sample of normal star-forming galaxies (Skibba et al. 2011; Murphy et al 2018a) . The solid black line shows the main-sequence as defined by a large homogeneous collection of local spirals taken primarily from SINGS (Speagle et al. 2014) . We can see that the galaxies in the SFRS generally follow the local MS calibration, and that the massive extranuclear regions identified in our LIRG sample are consistently above it.
If the integrated measurements of starburst-dominated galaxies were simply the sum of the individual starforming regions identified within them, then the integrated LIRGs and the extranuclear regions should be well described by a single linear fit. Shown in purple is the fit to only the extranuclear regions, and we can see that the integrated LIRG measurements are systematically offset by ∼ 0.2 dex in sSFR. By comparing the median values of sSFR for both the integrated GOALS LIRGs and our individual star-forming regions we find that they make up on average 16.5% of the current star formation activity (f SF R = SF R region /SF R galaxy ) in their host galaxies. This is consistent with a recent suite of 75 hydrodynamic simulations of major galaxy mergers (M rat ∼ 2.5 : 1), which show a median f SF R ∼ 13% in regions from 1 -10 kpc away from nucleus over a broad range of interaction geometries (Moreno et al. 2015) . Further, it is clear that the fit to the local galaxy reference sample is steeper than the relation found for the most luminous GOALS regions identified. Ultimately, this suggests that while the integrated properties of the starburst-dominated LIRGs are driven by the central nuclear starburst, extranuclear regions in LIRGs have elevated sSFRs even relative to normal star-forming galaxies.
In the right panel of Figure 8 we show a plot of the starformation -stellar mass plane for our identified regions with fits to the sub-galactic main sequence overlaid. By normalizing the zero-points of each fit we can test which correlation most accurately represents our star-forming regions, and to what degree the linear or sub-linear relationships found for integrated galaxies hold on kpc-scales in LIRGs. We see clearly that the correlation found for the Calar Alto Legacy Integral Field Area (CALIFA) survey of galaxies is shallower than our distribution of starforming regions. This discrepancy is likely due to the range of morphological types included in the CALIFA fit, with regions from early-type galaxies systematically flattening the slope of the correlation (Cano-Diaz et al. 2016) . Indeed, when the fit is restricted to only late-type galaxies the correlation closely follows the distribution of star-forming regions observed in our VLA sample (Hall et al. 2018; Medling et al. 2018 ). This confirms that there is a sub-galactic main sequence of star-formation present in LIRGs with both individual star-forming regions and the globally-integrated galaxy measurements, which lie above the locally-calibrated SFRMS.
Spatially Coincident Massive Star Clusters
Radio continuum emission has been used as an effective way to identify ultra-young (1−3 Myr) massive star clusters still deeply embedded in their natal birth material (Turner et al. 2000; Johnson et al. 2001; Johnson et al. 2003) . Our results from the initial SFRS sample (Murphy et al. 2018a) reveal both purely thermal (and thus very young) sources, as well as sources which have higher nonthermal fractions at 33 GHz. In general, we expect (2014) is not an appropriate calibration for both the galaxy-integrated (GOALS: orange) and extranuclear star-forming regions in local LIRGs (purple). Further, the specific star formation rate of the extranuclear regions themselves lie at the upper-end of the relation for normal star-forming galaxies in the local Universe (SFRS: blue, Skibba et al. 2011 ). Right panel: The star-formation main sequence (SF R − M * ). In purple we show the results for the extranuclear star-forming regions identified in GOALS. The blue, dark green, and red lines show the resolved galaxy main-sequence, normalized to the GOALS fit presented in the left panel, for the SAMI, CALIFA, and WISE surveys respectively. Fig. 9 .-The 33 GHz continuum images for NGC 5257 (Left), NGC 5258 (Middle), and NGC 5331S (Right) are shown overlaid with our photometric apertures, the measured 3 − 33 GHz radio spectral index, and the locations of super star cluster identified in Linden et al (2017) . The colors of the markers in all panels indicate their age, with t ≤ 10 7 yr shown in blue, 10 7 < t < 10 8 yr shown in green, and t ≥ 10 8 yr shown in red.
to find that these latter radio sources are associated with regions that contain multiple star clusters visible at optical wavelengths (Evans et al. 2008; Inami et al. 2010; Modica et al. 2012; Mazzarella, et al. 2012; Mulia et al. 2015) . Four galaxies in our sample, NGC 5257/8 and NGC 5331N/S, have been observed with HST as part of a larger program to search for young, UV-bright, massive star clusters in LIRGs (Linden et al. 2017) . In this subsection, we compare the mean spectral index of each region, which tracks the relative fraction of young (∼ 5 Myr) and old (≥ 50 Myr) star-formation to the median cluster age, which tracks the ∼ 1 − 100 Myr SFH of the region within our photometric apertures.
At the resolution of our matched-VLA observations, it is unclear if these extranuclear regions are powered primarily by a single massive star cluster, or several lowermass clusters tightly packed within a group. In Figure  9 we show the star clusters identified in these galaxies, color-coded by their modeled ages (i.e., blue t ≤ 10 7 yr, green 10 7 < t < 10 8 yr, and red t ≥ 10 8 yr). In only one case, NGC 5257, do we have significant overlap with regions identified in the radio for which a meaningful comparison of cluster ages, masses, and extinctions to the radio spectral slope can be done. We find that the region in NGC 5257 (left panel), which is the most luminous and shows the flattest 3 − 33 GHz spectral index (-0.22) , is associated with a single, young (∼ 4 Myr), massive (M cl ∼ 10 7 M ) star cluster, whereas regions with steeper radio spectral indices are coincident with several star clusters whose median age is slightly older (∼ 10 Myr) and mass significantly smaller (∼ 10 5.5 M : Linden et al. 2017 ).
Overall we do see evidence, albeit in one system, that the luminosity and spectral index of the radio continuum measured at kpc-scale resolution is able to roughly track variations in the median age and mass of the spatially-coincident super star clusters identified in the UV/optical. A more thorough discussion of massive star clusters and their relationship to star-forming regions identified at 33 GHz will be discussed in a forthcoming paper, which will be a comparison of the cluster mass functions, and luminosity distributions of young massive star clusters using HST data available for the SFRS sample of galaxies.
SUMMARY
We have presented the first results of a high-resolution VLA survey for 25 luminous infrared galaxies (LIRGs) in the Great Observatories All-Sky LIRG Survey (GOALS). Radio emission provides a critical, optically-thin view on the massive star formation activity within deeply embedded HII regions, and it tracks nonthermal emission from relativistic cosmic rays associated with recent supernova in galaxies. We have extracted luminosities, spectral indices, star-formation rate (SFRs), thermal fractions (f th ), ages, and stellar masses for a total of 42 individual extranuclear star-forming regions identified as having deprojected galactocentric radii (r G ) which lie outside the 13.2µm core size of the galaxy measured in Díaz-Santos et al. (2010) . These "extranuclear'" regions, allow us to cleanly examine the evolution of star-formation activity in LIRGs, free from possible contamination associated with an AGN. Our results indicate that:
(1) The median 3 − 33 GHz spectral index and thermal fraction at 33 GHz measured for the extranuclear regions identified in our VLA survey is −0.51 ± 0.13 and 65±11% respectively. These results suggest that on kpcscales extranuclear star-forming regions in LIRGs have flatter radio spectral slopes, and are much more heavilydominated by thermal free-free emission relative to the centers of local U/LIRGs. Further, the median 3 − 33 GHz spectral index observed is consistent with models of continuous star-formation activity over a median lifetime of ∼ 10 Myr.
(2) The median derived SFR of the extranuclear regions identified is ∼ 1M yr −1 . Despite the sensitivity of our observations to low-mass star-forming regions LIRGs, it is clear that the most luminous extranuclear star-forming clumps identified in our survey are not seen in large samples of normal or interacting galaxies in the local Universe (Smith et al. 2016 ).
(3) The median q T IR derived for our extranuclear starforming regions (2.71 ± 0.34) is broadly consistent with the IR-radio correlation measured for normal and extreme star-forming galaxies in the local Universe (i.e. q T IR = 2.64). This suggests that on kpc-scales in LIRGs we are sampling a representative volume of the ISM over a sufficiently long SFH so as to cause these regions to lie along the correlation. (4) When we place our regions on the star-formation rate main sequence (SFMS), we find that they are not consistent with their host galaxies' globally-averaged specific star-formation rate (sSFR). This indicates that the nuclear starburst activity predominately drives LIRGs above the SFMS.
With maps of the star-forming regions which energize LIRGs now in possession for the equatorial sample, the next step will be to obtain complementary high-resolution imaging and kinematics of the associated molecular gas, which fuels star formation and AGN activity in these extraordinary galaxies. The combined datasets would serve as a means to measure both the conditions under which star formation is most efficient, and energetic feedback on the ISM at scales that are inaccessible to extreme starbursts being studied at highredshift. Portions of this work were performed at the Aspen Center for Physics, which is supported by National Science Foundation grant PHY-1066293. This work was partially supported by a grant from the Simons Foundation. Finally, This research has made use of the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. This research has made use of the NASA/ IPAC Infrared Science Archive, which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. 
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